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E2F transcription factors are key participants in the regulation of proliferation, apoptosis, and differenti-
ation in mammalian cells. E2Fs are negatively regulated by members of the retinoblastoma protein (pRb)
family. During adenovirus (Ad) infection, viral proteins that displace pRb family members from E2Fs and
recruit E2F complexes to viral and cellular promoter regions are expressed. This recruitment of E2F involves
the induction of stable E2F binding to inverted E2F binding sites in the Ad E2a and cellular E2F-1 promoters
and induces both viral and cellular gene expression. E2F-4 has abundant E2F activity within cells, and the
majority of E2F-4 in asynchronous cells is found in the cytoplasm. Upon expression of the adenovirus E4-6/7
protein, a significant portion of E2F-4 is translocated to the nucleus, and its activity constitutes the majority
of Ad-induced nuclear E2F DNA binding activity. This redirection of E2F-4 from cytoplasm to the nucleus
requires an N-terminal arginine-rich nuclear localization sequence within E4-6/7. The directed targeting of
E4-6/7 to the nucleus is important for the function of this protein in the context of viral infection. This function
of E4-6/7 has a redundant component as well as nonredundant components in cooperation with the adenovirus

E1A oncoproteins to deregulate and usurp host cell E2F function.

E2F transcription factors are key players in the regulation of
proliferation, apoptosis, and differentiation in mammalian cells
(reviewed in references 26, 31, and 52). There are seven mem-
bers of the E2F family. E2Fs form heterodimeric complexes
with the DP family of proteins (DP-1 and DP-2). The E2F
family may be divided into three subfamilies based on their
binding to members of the retinoblastoma tumor suppressor
family (pocket proteins retinoblastoma protein [pRb], p107,
and pl130) (reviewed in reference 51). E2F-1, E2F-2, and
E2F-3 preferentially bind pRb, and E2F-4 and E2F-5 prefer-
entially bind p107 and p130, while E2F-6 and E2F-7 lack C-
terminal coding sequences required for pocket protein bind-
ing. The interaction of E2Fs with pRb family members occurs
at specific stages of the cell cycle (51). In G, the predominant
E2F complexes are E2F-4/DP and E2F-5/DP with p130. Fol-
lowing growth factor stimulation, the E2F-5/p130 complex di-
minishes, and E2F-1/DP bound to pRb and E2F-4/DP bound
to p107 become evident. The activation of G, cyclin-dependent
kinases (cyclin D/cdk4 and cyclin E/cdk2) results in hyperphos-
phorylation of pRb family members and their release from
E2Fs. “Free” E2F activity is evident during late G, and into S
phase of the cell cycle and transactivates promoters of E2F-
responsive genes (26, 31, 52). E2Fs control the expression of
genes involved in G; and S-phase progression. pRb family
members interact with E2Fs via the conserved pocket domain,
which mediates binding to DNA tumor virus oncoproteins (10)
as well as sequences C-terminal of this region (51). The C-
terminal regions of E2F-1 to E2F-5 also contain transcriptional
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activation sequences, although it is generally accepted that
E2F-1 to E2F-3 play a major role in transcriptional activation
of E2F-responsive genes, while E2F-4 and E2F-5 play a major
role in the repression of these genes (see reference 53 and
references therein; reviewed in references 26, 31, 51, and 52).
Several studies have supported a role for E2F-4 in transcrip-
tional activation of gene expression (6, 25, 43), and consistent
with this idea, E2F-4 interacts with transcriptional activators
TRRAP and GCNS5 (25).

E2F-1 was the first family member cloned, and it has well-
characterized E2F activity (26). The E2F-1 protein has the
properties of both an oncogene and a tumor suppressor, de-
pending on the context in which E2F-1 function is analyzed.
E2F-1 expression is sufficient to drive quiescent cells to enter
S phase of the cell cycle (22, 46, 49) and to cooperate with
activated Ras to transform cells in culture and induce tumors
in nude mice (21, 50, 57). E2F-1 overexpression promotes hyper-
plasia and can cooperate with activated Ras or inactivated p53
to promote tumor formation (44, 45). E2F-1 overexpression
also prevents terminal differentiation of certain cell types (13).
These properties appear to relate to transcriptional activation
by E2F-1 and its ability to turn on the expression of genes that
promote cell cycle progression (e.g., the c-myc, B-myb, cdc25A,
and cyclin E genes) and S phase (e.g., the DNA polymerase
delta, PCNA, cyclin A, and cdc2 genes). The analysis of E2F-1
knockout mice has shown that the protein also has properties
of a tumor suppressor, since these mice are prone to develop
tumors (9, 59). In this context, the role of E2F-1 as a transcrip-
tional repressor when bound to pRb is revealed. Thus, E2F-1
plays roles in cell growth, death, and differentiation decisions.

E2F was first described as having nuclear activity and bind-
ing to an inverted binding site in the adenovirus (Ad) E2a
promoter (23). The binding of E2F to these sites is stimulated
by the Ad E4-6/7 protein, which induces the cooperative and
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stable binding of E2F to the E2a promoter via induction of
E2F dimerization. The induction of E2F binding to the Ad E2a
promoter in vitro directly correlates with transcriptional acti-
vation of the E2a promoter in vivo (19, 33, 35). The Ad E4-6/7
protein also transactivates the cellular E2F-1 promoter via the
induction of E2F DNA binding to an inverted configuration of
binding sites at the sites of initiation of E2F-1 transcription
(47). These results suggest that the Ad E4-6/7 protein may
function as an analogue to a cellular counterpart that regulates
E2F dimerization and stable DNA binding. Indeed, p107 in-
duces stable E2F-4/DP binding to inverted E2F binding sites in
the Ad E2a and cellular E2F-1 promoters (38). Such induction
of E2F DNA binding requires the pocket domain of pl07.
Induction of E2F DNA binding by p107 occurs primarily in S
phase, when p107 protein levels increase significantly, and di-
rectly correlates with transcriptional repression. The related
tumor suppressor, p130, also mediates this function (39). Fi-
nally, the E4-6/7 protein plays a redundant role with the E1A
oncoproteins by binding to internal sequences within E2Fs (the
marked box region) to competitively release pocket proteins
from E2Fs (38). Under certain circumstances, E4-6/7 may re-
place some of the functions of E1A to complement the growth
of an E1A-deficient adenovirus mutant (37).

Consistent with important roles in determining cell life,
death, and differentiation, E2Fs are regulated by multiple
mechanisms. Different members of the E2F family are regu-
lated in the following ways: (i) negatively regulated by Rb
family members (51); (ii) positively regulated at the level of
transcription (2, 18, 21, 48); (iii) positively and negatively reg-
ulated by posttranslational phosphorylation, acetylation, and
ubiquitin-dependent, proteasome-mediated degradation (5, 8
15, 17, 24, 28-30, 58); and (iv) regulated through changes in
subcellular localization (3, 27, 32, 55). Relative to the latter
level of regulation, E2F-1, E2F-2, and E2F-3 contain nuclear
localization sequences (NLSs) that direct nuclear targeting. In
contrast, E2F-4 and E2F-5 lack NLSs and rely on binding
partners, such as pl07 and p130, which themselves contain
NLSs, to carry these factors to the nucleus (3, 27, 32, 55).
Further, E2F-4 contains two nuclear export sequences that
direct CRM1-dependent cytoplasmic transport in the absence
of pocket protein binding (11). E2F-4 nuclear localization is
regulated during the cell cycle to optimize nuclear accumula-
tion of E2F-4/p107 heteromers during S phase when repression
of E2F target genes is initiated (55). Since the adenovirus E1A
proteins disrupt E2F-4/p107 complexes (10), it would be an-
ticipated that E1A could disallow E2F-4 nuclear localization
during adenovirus infection and effect E2F-4 cytoplasmic ac-
cumulation. In this report, we demonstrate that the adenovirus
E4-6/7 protein contains an arginine-rich nuclear localization
signal that directs E2F-4 to the nucleus. Nuclear E2F-4 bound
with E4-6/7 binds to the Ad early region 2 promoter, consistent
with previous reports that E2F-4 transactivates this viral early
promoter region.

MATERIALS AND METHODS

Cells, viruses, and plasmids. American Type Culture Collection HeLa and 293
cells were maintained in Dulbecco’s modified minimal essential medium con-
taining 10% calf serum. The virus stocks Ad5 WT300, d1356, d1356-CMV-E4-6/
7-WT, and dI356-CMV were propagated in 293 cells and were described previ-
ously (14, 37). Mutant dI356 carries a 2-base-pair frameshift mutation in E4-
ORF7 coding sequences (14) that eliminates the ability of the E4-6/7 protein to
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FIG. 1. E4-6/7 protein. (A) The wild-type E4-6/7 protein is trans-
lated from a spliced mRNA corresponding to amino acids 1 to 58 of
E4-ORF6 fused to E4-ORF7 (amino acids 59 to 150). The wild-type
protein (150 amino acids) and in-frame deletion mutant derivatives
(A4-38, A4-58, and A38-58) are depicted. Vertical bars indicate argi-
nine residues. (B) Sequence alignment of predicted N-terminal E4-6/7
coding sequences from adenoviruses of indicated serotypes. The se-
quence alignment was performed with the ClustalW Multiple Se-
quence Alignment program of the Baylor College of Medicine Search
Launcher (http://dot.imgen.becm.tmc.edu:9331/cgi-bin/multi/align
/multi-align.pl). Arginine residues are highlighted with black boxes.

interact with E2Fs (36). dI356-CMV contains the dI356 deletion as well as a
deletion within the E1A region (nucleotides 355 to 811) and an insertion of the
cytomegalovirus (CMV) promoter-enhancer at the E1 deletion junction. dI356-
CMV-E4-6/7-WT additionally carries a wild-type E4-6/7 cDNA downstream of
the CMV promoter-enhancer; E1B splicing and polyadenylation signals are
utilized to direct processing of RNAs derived from the E4-6/7 cDNA (36). Viral
mutants dI1356-CMV-E4-6/7-A4-58, d1356-CMV-E4-6/7-A4-38, and d1356-CMV-
E4-6/7-A38-58 are isogenic with d1356-CMV-E4-6/7-WT but carry in-frame de-
letions in E4-6/7, as described previously (36) and shown in Fig. 1A. Purified
virus particles were prepared by using CsCl equilibrium gradient centrifugation.
Cells were infected with 200 virus particles/cell for 1 h at 37°C, the virus inoculum
was removed, and fresh medium was added.

Plasmids that express wild-type and mutant E4-6/7 proteins were previously
described (36). An expression vector containing enhanced green fluorescent
protein (EGFP) (pEGFP-CI1; Clontech) fused at the N terminus of full-length,
wild-type E2F-4 was generated by standard cloning approaches. The N-terminal
58 amino acids of E4-6/7 protein were synthesized by PCR and fused at the N ter-
minus of EGFP in vector pPEGFP-N1 (Clontech). A mutant that changes six argi-
nine residues to alanine residues (residues 16, 18, 21, 22, 27, and 29) was gen-
erated in this background by Quick-Change mutagenesis (Stratagene) (Fig. 1B).

Metabolic labeling, cell fractionation, immunoprecipitation, and Western blot
analysis. For *°S pulse-labeling, HeLa cells were infected as described above. Six
hours postinfection, the cells were washed and incubated in methionine/cysteine-
free medium containing 2% calf serum for 30 min. Cells were pulse-labeled by
using 1 mCi/100-mm-diamater dish of 3S-Met->>S-Cys in methionine/cysteine-
free medium containing 2% calf serum for 1 to 2 h at 37°C and then harvested.
Nuclear and cytoplasmic fractions for subcellular localization analyses were
prepared as described previously (56). Briefly, cells were washed with phosphate-
buffered saline (PBS) and resuspended in hypotonic detergent buffer (0.3 M
sucrose, 10 mM Tris, pH 7.5, 5 mM MgCl,, 0.4% NP-40, 0.5 mM dithiothreitol).
The cells were gently vortexed, and nuclei were precipitated at 1,000 X g for
5 min. Pelleted nuclei were washed with hypotonic buffer containing detergent,
repelleted, and resuspended in nuclear extraction buffer (5). Cytoplasmic frac-
tions were adjusted to 140 mM NaCl, and all extracts were centrifuged at
100,000 X g for 20 min.

For E4-6/7 immunoprecipitation, nuclear and cytoplasmic proteins from the
equivalent of 1 X 107 cells were brought to 0.1 M Tris, pH 8.0, 2% sodium
dodecyl sulfate (SDS), and 5 mM B-mercaptoethanol and boiled for 5 min.
Samples were diluted into 20 volumes of RIPA buffer (160 mM NaCl, 10 mM
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Tris, pH 7.4, 5 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, and 0.1%
SDS). Each fraction was precleared for 2 h with protein A-Sepharose beads. Fifty
microliters of anti-E4-ORF7 monoclonal antibody M80 (35) was added, and immu-
noprecipitation was carried out overnight on ice. Antibody was captured by using
protein A-Sepharose beads washed with RIPA buffer, high-salt buffer (1 M NaCl,
10 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40), and RIPA buffer.
Immune complexes were boiled in Laemmli sample buffer and resolved by using
SDS-15% polyacrylamide gel electrophoresis (PAGE). Gels were fixed, treated
with NAMP 100 (Amersham), dried, and exposed to X-ray film.

For Western blot analysis, 20 to 60 g of total protein was resolved by SDS-
PAGE, and proteins were transferred to a nitrocellulose or Nylon P membrane
(Amersham) and probed by using primary and secondary antibodies for en-
hanced chemiluminescence (Amersham) according to the manufacturer’s in-
structions. E4-6/7 proteins were detected by using M80 (35); E2F-4 was detected
by using monoclonal antibody Ab-4 4E2F04 (LabVision). The purity of nuclear
and cytoplasmic fractions was verified by Western blot analysis using a mono-
clonal antibody against p53 (pAB240; sc-99; Santa Cruz Biotechnology) and a
polyclonal antibody against paxillin (sc-7336; Santa Cruz Biotechnology).

Transfection assays and immunofluorescence. American Type Culture Col-
lection HeLa cells plated on glass coverslips were transfected overnight with dif-
ferent plasmids with Fugene 6 (Roche), as recommended by the manufacturer.
Following transfection, cells were washed and processed by fluorescence micros-
copy or infected with the viruses indicated. For microscopy, cells were washed with
PBS solution and fixed in 3% formaldehyde for 1 h. Fixed cells were washed with
PBS and blocked with PBS containing 10% goat serum. E4-6/7 proteins were de-
tected by using monoclonal antibodies M45 or M80 (35) or a rabbit polyclonal anti-
E4-6/7 antiserum (38). The secondary antibody was tetramethyl rhodamine isocya-
nate (TRITC)-goat anti-mouse immunoglobulin G (Zymed). EGFP and TRITC
signals were visualized and photographed on a Zeiss Axiovert 135 microscope.

Extract preparation and gel mobility shift assays. All buffers were used at 4°C
and contained a cocktail of protease inhibitors. Nuclear extracts for gel mobility
shift assays were prepared according to the method of Dignam et al. (7) and
dialyzed against DB-100 (20 mM HEPES, pH 7.5, 100 mM KClI, 10% glycerol, 5
mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride). In vitro DNA binding assays were performed as described previously
(38). Briefly, binding reaction mixtures (20 pl) contained 5 to 10 pg of nuclear
extract, 2 pg of sonicated salmon sperm DNA, and 20,000-cpm 3?P-labeled Ad
E2a E2F recognition sites (1 to 2 fmol of DNA) in DB supplemented with
Nonidet P-40 (final concentration, 0.1%). Binding reactions were incubated for
1 to 2 h at room temperature, followed by electrophoresis on a 4% 30:1 poly-
acrylamide gel run in 0.5X Tris-borate-EDTA at 4°C. The Ad E2a E2F probe
contains nucleotides —30 to —73 from the Ad5 E2a promoter (38).

RESULTS

The N-terminal 58 amino acids of E4-6/7 are sufficient to
confer nuclear localization. The N-terminal 58 amino acids are
shared by the E4-ORF6 and E4-6/7 proteins (Fig. 1). The C-
terminal 92 amino acids of E4-6/7 are necessary and sufficient
to bind E2Fs and induce DNA binding to viral and cellular
promoter regions (36). Thus far, no particular function has
been ascribed to the N-terminal domain of E4-6/7. Three mu-
tants with mutations in the N-terminal region of E4-6/7 were
constructed, containing in-frame deletions of amino acids 4 to
38, 4 to 58, and 38 to 58 (Fig. 1). Plasmid vectors directing the
expression of wild-type and mutant E4-6/7 proteins were trans-
fected into HeLa cells, and E4-6/7 localization was assessed by
indirect immunofluorescence by using a rabbit polyclonal anti-
E4-6/7 antibody that recognizes all four proteins (Fig. 2). The
signal of wild-type E4-6/7 was entirely nuclear, indicating that
no other Ad proteins were required for this to occur. The
mutant protein lacking amino acids 4 to 58 (the E4-ORF6
segment) was equally partitioned between the nucleus and
cytoplasm. The diffuse localization of this mutant implies that
E2F binding is not responsible for nuclear accumulation, since
this protein binds E2Fs as efficiently as wild-type E4-6/7 (36).
Analysis of the localization of the other two E4-6/7 mutants
indicates that amino acids 4 to 38 are required for nuclear
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FIG. 2. Localization of wild-type and mutant E4-6/7 proteins. HeLa
cells were transfected with expression vectors for the wild-type and
mutant E4-6/7 proteins. Cells were fixed, and E4-6/7 proteins were
visualized by using indirect immunofluorescence with a rabbit poly-
clonal antibody directed against the full-length E4-6/7 protein. Wild-
type E4-6/7 (A), E4-6/7-A4-58 (B), E4-6/7-A38-58 (C), and E4-6/7-
A4-38 (D) are shown. Proteins were visualized by using a fluorescein
isothiocyanate (FITC) filter on a fluorescence microscope.

accumulation, whereas amino acids 38 to 58 are dispensable
for this function. Thus, E4-6/7 appears to contain a nuclear tar-
geting signal within the N-terminal region of the protein. These
results, and those presented below, were consistently observed
in cells that were examined in numerous different experiments
and with numerous fields of cells within each experiment.

To confirm these findings, HeLa cells were infected with
Ad5 derivatives of dI356 (an E4-ORF7 truncation mutant)
containing CMV-driven expression cassettes for each E4-6/7
product in place of the E1A region. Six hours after infection,
cells were pulse-labeled with radioactive methionine/cysteine,
and nuclear and cytoplasmic fractions were prepared. Wild-type
and mutant E4-6/7 products were immunoprecipitated with a
monoclonal antibody (M80) directed against a C-terminal epi-
tope common to all four proteins that does not recognize the
truncated E4-6/7 product produced by mutant dI356 (35). Im-
mune complexes were analyzed by SDS-PAGE, and proteins
were visualized by autoradiography (Fig. 3). The sizes and lo-
calization patterns of these proteins were consistent with the
immunostaining results. The wild-type and A38-58 proteins were
predominantly nuclear, whereas the A4-58 and A4-38 mutant
proteins were found in both nuclear and cytoplasmic fractions,
although the A4-38 protein was slightly, but reproducibly, en-
riched in the nuclear fraction. Since the 19-kDa E4-6/7 protein
is small enough to freely diffuse through the nuclear pore
complex (1), we conclude from these results that the N-termi-
nal region of E4-6/7 is required for nuclear accumulation.

E4-6/7 contains an arginine-rich nuclear localization signal.
We tested whether the N-terminal region of E4-6/7 was suffi-
cient to direct nuclear targeting by fusing E4-ORF6 amino
acids 1 to 58 to the N terminus of EGFP. The EGFP molecule
is small enough to freely diffuse into the nucleus (1), and nu-
clear and cytoplasmic accumulation of EGFP was observed in
transfected HeLa cells (Fig. 4). In contrast, fusion of E4-ORF6
amino acids 1 to 58 to EGFP resulted in complete nuclear
localization, indicating that this region carries an autonomous
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FIG. 3. Subcellular localization of wild-type and mutant E4-6/7
proteins. HeLa cells were infected with E1A-negative viruses in a d1356
background (see Materials and Methods) that express wild-type and
mutant E4-6/7 proteins. WT, d1356-CMV-E4-6/7-WT; A4-58, d1356-
CMV-E4-6/7-A4-58; A38-58, d1356-CMV-E4-6/7-A38-58; and A4-38,
dI356-CMV-E4-6/7-A4-38. Six hours after infection, cells were radio-
labeled with **S-methionine/cysteine and fractionated into nuclear
(N) and cytoplasmic (C) fractions, as described in Materials and Meth-
ods. E4-6/7 proteins were immunoprecipitated by using a monoclonal
antibody (M80) directed against the C terminus of E4-ORF7. Protein
expression was analyzed by SDS-PAGE and autoradiography. Wild-
type and truncated E4-6/7 proteins are indicated by asterisks; molec-
ular weight standards are indicated on the left.

NLS. A comparison of the equivalent E4-ORF6 amino acid
sequences from a variety of evolutionarily diverse human ad-
enoviruses is depicted in Fig. 1B. The sequences of the com-
monly studied serotypes Ad2 and Ad5 are identical in this
region. The other serotypes show significant homology both to
the Ad2 and Ad5 sequences and to each other. The presence
of an arginine-rich region in the C terminus of E4-ORF6 has
already been identified as directing nuclear localization and
retention of the E4-ORF6 protein (40, 41). There are eight
arginine residues located between amino acids 13 and 38 of
Ad2 and Ad5 E4-ORF6, which equates with greater than 25%
arginine content for this region. The overall arginine content
of other Ad5 E4 proteins is 4 to 5%, suggesting a clustering of
arginines in the N-terminal segment of E4-ORF6. While the
position of specific arginine residues is not conserved per se in
this region in other Ad serotypes, the overall clustering of
arginine residues in the N terminus of E4-ORF6 is maintained.
A mutant that changed arginine residues 16, 18, 21, 22, 27, and
29 to alanines in the context of the fusion protein of EGFP and
E4-ORF6 amino acids 1 to 58 was made. These mutations elim-
inated nuclear localization of the fusion protein, demonstrating
that the N terminus of E4-6/7 contains an arginine-rich NLS.

E4-6/7 directs nuclear localization of E2F-4. The E4-6/7-
induced E2F complex has been reconstituted from partially
purified components (38). The addition of E2F-1, DP-1, and
E4-6/7 to a binding reaction with an Ad E2a promoter probe
fragment yielded a complex with mobility and characteristics
identical to that observed with AdS-infected cell nuclear ex-
tract. E4-6/7 has been shown by this approach to interact with
five of the seven known E2F species (38). Addition of a mono-
clonal antibody (M45) that recognizes an N-terminal epitope
in E4-6/7 supershifted all Ad-induced E2F complexes observed
with an E2a probe in a mobility shift assay (Fig. 5A), whereas
an unrelated monoclonal antibody was without effect. A spe-
cific antibody against E2F-4 supershifted a large percentage of
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the Ad-induced E2F complex in this assay, a result that was
somewhat surprising given the prediction that the release of
pocket proteins from E2F-4 by the E1A products would allow
the nuclear export sequences of E2F-4 to direct this protein
from the nucleus. These results suggested that E4-6/7 may
confer nuclear localization to E2F-4. Consistent with this idea,
infection of cells with a virus that expresses a mutated E4-6/7
protein that lacks the N-terminal region (mutant A4-58) did
not result in significant induction of nuclear E2ZF DNA binding
activity (Fig. 5B) despite the fact that this mutant form of
E4-6/7 is perfectly capable of inducing E2F binding to the Ad
E2a promoter when expressed and analyzed in vitro (36).

Previous results have shown that E2F-4 expressed alone by
transfection assay is found predominantly in the cytoplasm (3,
27, 55). An identical result was found in transfected HeLa cells
by using an EGFP-E2F-4 fusion protein (Fig. 6). To test
whether E4-6/7 expression directs E2F-4 into the nucleus, cells
transfected with the EGFP-E2F-4 expression vector were in-
fected with wild-type and recombinant AdS (Fig. 6). Infection
with wild-type AdS resulted in nuclear E2F-4 in a pattern
colocalizing with the E4-6/7 product. This effect could be at-
tributed to many viral products. To specifically test the role of
E4-6/7 in E2F-4 nuclear localization, two assays were per-
formed. First, cells were infected with d1356, an otherwise wild-
type AdS5 virus that expresses a truncated E4-6/7 protein that is
incapable of binding E2Fs (36). While the truncated E4-6/7
protein was found to be nuclear, as expected from results
described above, E2F-4 displayed a pattern of cytoplasmic
localization that was indistinguishable from transfected but
uninfected cells. Second, transfected cells were infected with
the El-negative recombinant virus that expresses the wild-type
E4-6/7 protein but not other viral products in the context of
short-term assays (38). Expression of the wild-type E4-6/7 pro-
tein also resulted in nuclear E2F-4 accumulation in a pattern
coincident with E4-6/7.

FIG. 4. The N-terminal region of E4-6/7 contains an NLS. HeLa
cells were transfected with expression plasmids for EGFP (A), EGFP
fused to the N-terminal 58 amino acids of E4-6/7 (B), and E4-6/7 ami-
no acids 1 to 58 containing six arginine-to-alanine substitution muta-
tions (residues 16, 18, 21, 22, 27, and 29) (Fig. 1B) (C). EGFP proteins
were visualized by using an FITC filter on a fluorescence microscope.
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FIG. 5. Ad-induced E2F complexes in infected cell nuclear ex-
tracts. (A) Nuclear extract from wild-type Ad5-infected HeLa cells was
used in gel mobility shift assays with an Ad E2a E2F site promoter
region probe. Antibodies directed against Ad E4-6/7, Ad E1A, or E2F-
4 were added following the binding reaction and prior to electrophore-
sis. DNA-protein complexes supershifted by antibody are evident by
reduced mobility in the gel. (B) Nuclear extract was isolated from
HelLa cells infected with wild-type Ad5 (WT-AdS), dI1356-CMV-E4-6/
7-WT (E4-6/7-WT), or dI356-CMV-6/7-A4-58 (E4-6/7-A4-58) viruses.
Gel mobility shift assays were performed as described for panel A.
Ad-induced E2F complexes are indicated by a horizontal line; un-
bound probe DNA is evident at the bottom of the gels.

To confirm these findings, cell fractionation experiments
were performed. HeLa cells were infected with wild-type AdS
and recombinant viruses. Nuclear and cytoplasmic fractions
were prepared and immunoblotted for endogenous E2F-4 lev-
els (Fig. 7). The specificity of subcellular fractionation was
assessed by immunoblot analysis using antibodies against p53
(nuclear) and paxillin (cytoplasmic). With uninfected cells, the
vast majority of E2F-4 was cytoplasmic. Following infection
with wild-type AdS, nuclear E2F-4 was observed, although a
significant amount remained cytoplasmic. Infection with re-
combinant virus vectors provided results consistent with those
presented above. Expression of wild-type and A38-58 E4-6/7
resulted in nuclear E2F-4, whereas expression of A4-58 and
A4-38 E4-6/7 did not. Expression of E1A without the E4-6/7
protein did not alter E2F-4 localization. We conclude from
these results that the E4-6/7 protein relocalizes E2F-4 to the
nucleus in a manner that is dependent on the E4-6/7 nuclear
localization signal. Unlike all previously characterized func-
tions of E4-6/7, redirection of E2F-4 to the nucleus requires
both the E4-ORF6 amino acids 1 to 58 and E4-ORF7 modules.

The N terminus of E4-6/7 contributes to viral growth effi-
ciency. We previously reported that E4-6/7 protein expression
partially complements the loss of E1A in the context of infec-
tion with recombinant viruses (37), reiterating the notion that
there is some functional redundancy between the E1A and the
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E4-6/7 products. HeLa cells were infected with wild-type AdS
or El-negative viruses that express wild-type E4-6/7, E4-6/7-
A4-58, or no E4-6/7 product, and viral growth kinetics was
measured. The lack of E1A and E4-6/7 expression reduced vi-
rus growth more than 5 orders of magnitude. Expression of wild-
type E4-6/7 in the absence of E1A augmented virus growth
more than 1,000-fold. In this context, deletion of the N-termi-
nal region of E4-6/7 that contains the nuclear localization sig-
nal reduced virus growth more than 50-fold. Results shown in
Fig. 3 as well as immunoblot analysis (data not shown) dem-
onstrated that the E4-6/7-A4-58 deletion mutant protein ac-
cumulated to levels that were equivalent to the wild-type E4-
6/7 product. Thus, the directed targeting of E4-6/7 to the
nucleus is important for the function of this protein in the
context of viral infection.

FIG. 6. Regulation of exogenously expressed E2F-4 localization by
E4-6/7. HeLa cells were transfected with an expression vector for E2F-
4 fused to EGFP. Transfected cells were left uninfected (A and B),
were infected with wild-type Ad5 (C and D), or were infected with
dI356-CMV-E4-6/7-WT (E and F) or dI356 (G and H). Cells were fixed
and visualized for EGFP (A, C, E, and G) by using an FITC filter or
E4-6/7 proteins (B, D, F, and H) by indirect immunofluorescence using
monoclonal antibody M45 and TRITC-labeled secondary antibody.
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FIG. 7. Subcellular localization of endogenous E2F-4 is regulated
by E4-6/7. HeLa cells were infected with wild-type AdS and dI356,
E1A-negative derivatives that express wild-type and mutant E4-6/7
proteins. At 16 h after infection, nuclear and cytoplasmic fractions
were prepared. Immunoblot analysis was used to determine the local-
ization of E2F-4. p53 and paxillin were used as controls for the purity
of nuclear and cytoplasmic fractions, respectively. M, mock-infected
cells; WT, wild-type AdS; E1+/E4—. d1356; E1—/E4+, A4-58, A38-58,
and A4-38 are dI356-CMYV viruses that express wild-type and mutant
E4-6/7 proteins A4-58, A38-58, and A4-38, respectively.

DISCUSSION

The adenovirus E4-6/7 protein performs multiple functions
within infected cells. First, the E4-6/7 protein interacts directly
with E2F family members and mediates the cooperative and
stable binding of E2Fs to a unique pair of inverted E2F binding
sites in the Ad E2a promoter and cellular E2F-1 promoter (19,
47). With both promoters, the induction of E2F DNA binding
directly correlates with transcriptional activation (33, 35, 36).
Second, the E4-6/7 protein serves a redundant role with the Ad
E1A oncoproteins to displace pRb family members from E2Fs
(38). E1A accomplishes this role by binding to pocket proteins
in regions that mediate E2F interaction (10). In a mechanisti-
cally distinct manner, E4-6/7 mediates pocket protein displace-
ment from E2Fs by binding regions of E2F/DP heterodimers
required for pocket protein interaction (38). In both cases,
competitive displacement of pRb family members from E2F/
DP family members takes place, and the result is deregulation
of free E2F activity that may target the activation of cellular
genes that promote S-phase progression. In this report, we
describe an additional level of E2F regulation by E4-6/7 via
nuclear translocation of cytoplasmic E2F-4. Published reports
(3, 27, 55) and our own results (Fig. 7) indicate that the vast
majority of E2F-4 in asynchronous cells is found in the cyto-
plasm. Upon expression of E4-6/7 protein, a significant portion
of E2F-4 is translocated to the nucleus (Fig. 7) and constitutes
the majority of Ad-induced nuclear E2F DNA binding activity
(Fig. 5). This redirection of E2F-4 from cytoplasm to the nu-
cleus by E4-6/7 requires an N-terminal arginine-rich nuclear
localization sequence. Such a function was also reported for
the pocket proteins that are required to translocate E2F-4 into
the nucleus during normal cell cycle progression (3, 27, 55).

Further similarities exist between the function of the pocket
proteins and that of Ad E4-6/7. We previously reported that
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p107 and p130 mediate the stable binding of E2Fs to inverted
binding sites in the Ad E2a and cellular E2F-1 promoter re-
gions in a manner analogous to that directed by E4-6/7 (39).
The Ad E4-6/7 protein contains two separate C-terminal seg-
ments that are required for stable E2F binding in solution (35).
A similar result was found with p107 binding to E2F-4, where
both the A and B segments of the pocket domain are involved
in protein-protein interaction (51). The Ad E4-6/7 protein
provides an interface to mediate E2F dimerization on inverted
E2F binding sites (36), and p107 and p130 perform a similar
function (39). We propose that E4-6/7 evolved as an analogue
to cellular pocket proteins but with a different purpose. Pocket
proteins interact with the marked box regions and C-terminal
sequences of E2Fs to mask the transactivation domain as well
as recruit histone deacetylases to repress transcription of pro-
moter regions (51). In contrast, E4-6/7 targets only the E2F
marked box regions to reveal the C-terminal transctivation do-
mains and allow transcriptional activation of promoter regions.
Thus, the redundancy of E4-6/7 with E1A for pocket protein
displacement from E2Fs serves the additional purposes of pro-
moter activation and regulation of E2F subcellular distribution.

The N-terminal 58 amino acids contain a nuclear localiza-
tion signal that is necessary to translocate and retain E4-6/7
and E2F-4 in the nucleus (Fig. 2, 3, 6, and 7). This represents
a unique function of E4-6/7 that is not redundant with E1A
products, whose activities effectively dissociate E2F/DP het-
erodimers from pocket proteins. This region also is sufficient to
direct nuclear accumulation when fused to a heterologous pro-
tein (EGFP) (Fig. 4). This N-terminal domain in E4-6/7 is
important for the proper function of this protein during viral
infection (Fig. 8), and we speculate that this property reflects
redirection of the abundant E2F-4 activity into the nucleus to
activate transcription of the viral E2a promoter region.

The “classical” nuclear localization sequence found in many

log virus yield

0 1 2 3
days post-infection
= WT Ad5

* dI356-CMV-E4-6/7-WT
o dI356-CMV-E4-6/7-04-58
X dI356-CMV

FIG. 8. Growth of El-negative viruses that express wild-type and
mutant E4-6/7 proteins. HeLa cells were infected with wild-type AdS,
E1A-negative viruses in a dI356 background that express wild-type
E4-6/7 (d1356-CMV-E4-6/7-WT), E4-6/7 mutant A4-58 (d1356-CMV-
E4-6/7-A4-58), or no E4-6/7 protein (dI356-CMV). Cellular lysates
were prepared 4 h and 1, 2, and 3 days after infection, and infectious
virus yield was determined by plaque assay of complementing 293 cells.
The results represent the average of three independent experiments.
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proteins contains monopartite or bipartite lysine-rich se-
quences (1). These sequences recruit importin « proteins in-
volved in nuclear translocation. Importin o proteins in turn
bind importin 8 proteins that effect nuclear translocation via
the nuclear pore complex. A limited but growing list of pro-
teins is translocated to the nucleus in the absence of importin
o binding signals and subunits through direct interaction with
importin B proteins. Cellular and viral proteins have been
found to interact with importin B proteins via arginine-rich
motifs; examples include human ribosomal proteins and hu-
man immunodeficiency virus (HIV) Tat and Rev (16, 20, 42,
54, 60). We believe that it is likely that E4-6/7 functions in an
analogous manner. It is interesting to consider whether this
region in E4-ORF6 plays a role in the nuclear translocation or
nuclear retention of E4-ORF6. Recent reports described an
arginine-rich amphipathic helix within the C terminus of E4-
OREF6 that functions as a nuclear localization and/or nuclear
retention signal (40, 41). The N-terminal arginine-rich se-
quence in E4-ORF6 also may play a role to direct nuclear
transport of this protein, since E4-ORF6 mutant proteins that
lack this region show both cytoplasmic and nuclear distribu-
tion, in contrast to wild-type E4-ORF6, where nuclear local-
ization is observed (34).

It is generally accepted that E2F-1 to E2F-3 play a major
role in transcriptional activation of E2F-responsive genes,
while E2F-4 and E2F-5 play a major role in the repression of
these genes (see reference 53 and references therein; reviewed
in references 26, 31, 51, and 52). Our results are most consis-
tent with the idea that adenovirus utilizes E2F-4 for transcrip-
tional activation of the viral E2a promoter, and perhaps cellu-
lar promoters, via nuclear translocation and the induction of
DNA binding by the E4-6/7 protein. Several studies have sup-
ported a role for E2F-4 in transcriptional activation of gene ex-
pression (6, 25, 43) and, consistent with this idea, E2F-4 inter-
acts with transcriptional activators TRRAP and GCNS5 (295).
Interestingly, E2F-4 was found to stimulate production infec-
tion by bovine herpesvirus-1 (12), and HIV-1 Tat interacts with
E2F-4 to stimulate the activity of E2F-dependent promoters,
including the HIV long terminal repeat (4). These viruses may
reveal transcriptional activation properties of E2F-4 not sug-
gested in studies with cellular promoter regions, or perhaps
these viruses have converted E2F-4 from a transcriptional re-
pressor into a transcriptional activator in the context of viral
infection.

In conclusion, adenovirus has transduced a number of cel-
lular mechanisms for protein-protein interactions and regula-
tion of E2F family members. Ad E4-6/7 and cellular pocket
proteins interact with similar regions in E2Fs and modulate
E2F-4 nuclear translocation. Ad E4-6/7 and pocket proteins
also induce E2F binding to specific configurations of inverted
E2F binding sites. We believe that the Ad E4-6/7 protein is a
cellular analogue to the p107 and p130 tumor suppressor pro-
teins. However, E4-6/7 function has been adapted for tran-
scriptional activation instead of repression. This function of E4-6/
7 has a redundant as well as an additive effect with the Ad E1A
oncoproteins to deregulate and usurp E2F function. This effect
stimulates S-phase progression in infected cells and achieves
optimal transactivation of viral and cellular promoter regions.
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